Acetaldehyde (ethanal) is a genotoxic carcinogen, which may occur naturally or as an added flavour in foods. We have developed an efficient method to analyze the compound in a wide variety of food matrices. The analysis is conducted using headspace (HS) gas chromatography (GC) with flame ionization detector. Using a robot autosampler, the samples are digested in full automation with simulated gastric fluid (1 h at 37
Introduction
Acetaldehyde (ethanal) is carcinogenic in animal experiments [1, 2] and was classified by the International Agency for Research on Cancer (IARC) in 1999 as "possibly carcinogenic to humans" (group 2B) [3] . Only recently, acetaldehyde in association with alcohol consumption has been upgraded by IARC into group 1 (i.e., the highest level of evidence) as "carcinogenic to humans" [4] . The carcinogenicity is considered to be caused by a genotoxic mechanism as several acetaldehyde-DNA adducts were found in vitro and in vivo [5] [6] [7] [8] [9] . For this reason, it is currently not possible to suggest a clear threshold or maximum tolerable limit for foods, but the margin of exposure model has to be used for risk assessment [10] [11] [12] [13] . This requires to have robust occurrence data for exposure assessment.
In foods, acetaldehyde may occur either naturally or because of intentional addition as flavour compound [14] . Other sources of human exposure to acetaldehyde may be cosmetic products or environmental exposure from burning fossil fuels, but the major sources are tobacco smoke and exposure from ethanol oxidation following alcoholic beverage consumption [11, 13, 15] . In vivo, acetaldehyde may also be formed endogenously, but especially in the gastrointestinal tract by bacteria that metabolize ethanol or carbohydrates. In foods, the highest concentrations of acetaldehyde were determined in vinegar (1.06 g/kg), but also in milk products and diverse fruits and vegetables [16, 17] .
The Netherlands Organization for Applied Scientific Research (TNO) database "volatile compounds in foods (VCF)" lists numerous studies on the occurrence of acetaldehyde but most of these were from the 1980s or earlier [18] . An absence of current data about the occurrence of acetaldehyde in food can be noted, so that the aim of this study was to develop a methodology to most efficiently analyze acetaldehyde in a wide variety of food matrices, and also provide an overview on the occurrence in the most susceptible food groups.
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The most simplistic procedure for acetaldehyde analysis is the direct injection of a sample solution into a gas chromatograph with flame ionization detection (FID) . Such a procedure can be used for analysis of alcoholic beverages without any further sample preparation and is also included in the EU reference methods for the analysis of spirits [19] . Our laboratory had participated in the interlaboratory trial, in which the EU procedure was evaluated for the first time [20] , and has used it since then with success (as documented by regular participation in international interlaboratory trials), and our previous studies on acetaldehyde occurrence in alcoholic beverages were all based on this procedure [21] [22] [23] [24] [25] [26] . As we are now interested to analyze other foods (besides alcoholic beverages), the reference procedure for spirits cannot be directly applied. The major problem is to obtain sample extracts without losses of the very volatile analyte that can be injected into the GC system. In the literature, several methods were suggested for acetaldehyde analysis in foods, which include photometric, fluorimetric, chromatographic, and enzymatic methods. However, some of the methods are either expensive or lack sensitivity (enzymatic method), include time-consuming sample preparation steps or lack in specificity (spectrophotometric methods) [27] . The extraction of acetaldehyde with steam distillation is generally judged as being problematic, as considerable losses may occur (up to 30% in unpublished studies by the authors). Furthermore, this procedure is leading to a dilution of the analyte, which may facilitate the need for an additional extraction step [28, 29] . Ott et al. [30] also stressed the fact that too strong warming during sample preparation must be prohibited, as this leads not only to volatilization but also increases the reactivity of acetaldehyde. A strong heating (e.g., in the headspace oven) may also lead to artefactual formation of acetaldehyde from ethanol, which may explain reports of very high concentrations in early studies [31] .
Prior to chromatographic measurement of acetaldehyde, derivatization using 2,4-dinitrophenylhydrazine was suggested, and the formed hydrazone can be measured using gas chromatography (GC) or high-performance liquid chromatography (HPLC) [32] . Another derivatization reagent (cysteamine-HCl) was suggested by Miyake and Shibamoto [33] , which, however, needs careful adjustment of pH and a further extraction step. A simpler procedure is the analysis of underivatized acetaldehyde using headspace gas chromatography (HS-GC). The headspace injection can be used instead of the liquid injection while all other parameters of the EU reference method can be used. We have previously used such a HS-GC-FID procedure for the analysis of acetaldehyde in saliva samples [13, 34] , and this work reports the modifications needed for analyzing all kinds of foodstuffs, including a validation of the procedure. Similar to our previous procedure, we use simple static HS injection, as it was previously shown that the dynamic variant ("purge and trap") is not possible as acetaldehyde is only insufficiently adsorbed into the usual materials (e.g., Tenax) [28] . This was confirmed by own experiments with headspace trap techniques [35] .
We have set focus on providing a sample preparation without losses as well as an improved acid digestion that simulates physiological conditions of the human stomach and therefore allows to estimate the exposure after oral consumption of foods.
Experimental
2.1. Chemicals. Acetaldehyde (>99.5%) was purchased from Fluka. Sodium chloride was from Riedel-de-Haen, and pepsin from porcine gastric mucosa (800-2500 U/mg protein) was from Sigma-Aldrich. Hydrochloric acid (37%) and ethanol (>99.9%) were obtained from Merck. The simulated gastric fluid (SGF) was prepared according to USP 32 [36] . To compensate for the dilution, which occurs during sample preparation, the SGF was concentrated by a factor of 4. For this, 4.0 g of sodium chloride were dissolved in 400 mL of distilled water and 4 mL of hydrochloric acid (37%) were added, and finally 6.4 g of pepsin were added. After complete dissolution of the pepsin, the now slightly yellow coloured solution was filled up with distilled water to 500 mL [36] . To prepare an acetaldehyde stock solution with a concentration of 3.0 g/L, a 100 mL measuring flask is filled with about 80 mL of distilled water, which is temperated at exactly 20
• C, and 300 mg of acetaldehyde are weighed into the flask. The flask is filled with distilled water to 100 mL and stored at 5-8
• C. The solution is stable for not more than 10 days. From this stock solution, the acetaldehyde standards were freshly prepared on each measuring day. The calibration curve was prepared by filling up 20, 270, 520, and 720 μL of the stock solution with distilled water in a 10 mL measuring flask (5.4-240 mg/L). For spiking purposes, 800 μL of stock solution were filled up with distilled water in a 50 mL measuring flask (48 mg/L). All standard and spiking solutions were stored in a water bath at 20
• C till use. For basic calibration, 200 μL of the standard solution, 1.25 mL of SGF and 3.55 mL of distilled water were given in a 20 mL headspace vial, which is immediately tightly sealed using a silicon/PTFE septum. The basic calibration was measured at least once weekly to check the performance of the GC system.
Sample Selection and Storage.
The sample types were selected according to risk oriented principles [37] based on previously published acetaldehyde contents and the typical food intake in Germany. We excluded alcoholic beverages, as this group was previously analyzed in detail [22] . From the 140 products analyzed in total, we focused especially on dairy products (n = 43), fruits (n = 37), vegetables (n = 18), and alcohol-free beverages (n = 33). The samples were purchased in local retail sale. The samples were stored at 5-8
• C and analyzed in fresh condition, or, for packaged foods, before the expiration of the "best before" date.
Sample Preparation.
Liquid and semisolid foods were homogenized by shaking or stirring with a spoon. Dependent on consistency, the samples were weighed with help of a 20 mL disposable plastic syringe or using an Eppendorf pipette, with a tip that was cut off with scissors to facilitate the pipetting of semisolid samples. For quantification with standard addition, five aliquots (in the range of 1.2-2.0 g) of the sample were weighed with an accuracy of 10 mg into 20 mL headspace vials. After addition of 1.25 mL of SGF and the required acetaldehyde spiking, distilled water up to a total volume of 5 mL was added. The total time for sample preparation was 10-15 min per sample.
Solid foods were homogenized in a standard household mixer (Magic Maxx, ds-produkte GmbH, Gallin). For fruits and vegetables only the edible parts were used (e.g., bananas and oranges were peeled prior to homogenization). The homogenized samples were weighed similar to the liquid foods described above. Only completely dry or highly viscous samples were weighed using a spatula. The total time for sample preparation of the solid foods was 15-25 min per sample. The prepared headspace vials were stored at 5-8
• C and generally analyzed on the same day, but never later than on the next day after preparation.
Gas Chromatography.
The HS-GC-FID system used for analysis was an Agilent model 6890N gas chromatograph in combination with a CTC Combi PAL autosampler. To simulate the physiological conditions inside the stomach, the samples were incubated for 60 min at 37
• C under constant stirring in the oven of the autosampler. After that, 500 μL of headspace were injected into the GC system at 500 μL/sec with a temperature of the transfer syringe of 80
• C. Substances were separated on a capillary column (DB-WAX, 58 m × 0.32 mm I.D., film thickness 0.50 μm). Temperature program: 30
• C hold for 8 min, 14
• C/min up to 200
• C, hold for 10 min. The temperatures for the injection port and FID were set at 140
• C and 210
• C, respectively. Splitless injection mode and helium with a flow rate of 2.0 mL/min as carrier gas was used. Data acquisition and peak integration were performed using Chromeleon 6.8 Chromatography Data System (Dionex Corporation, Sunnyvale, USA). The data analysis of the standard additions to calculate the concentrations was conducted using Valoo 2.3 (Analytik Software, Leer, Germany). The standard additions were only evaluated in the case of a correlation coefficient with a minimum of 0.9995 and a coefficient of variation (CV) of not more than 3%. Per calibration one outlier was tolerated and eliminated. If the criteria were not fulfilled after elimination of this one outlier, the results were discarded and the sample preparation and measurement were repeated from the beginning.
Validation Studies.
The limits of detection and quantification were determined according to German norm 32645 [38] using the calibration curve method. The limits are extrapolated based on the tolerance interval of a calibration curve, which is measured with concentrations surrounding the limits. This method gives more realistic limits than extrapolation from blank measurements (signal/noise ratios). The calibration curve was established in the range between 0.063-0.631 mg/L with equidistant calibrators (n = 10).
The precision (expressed as coefficient as variation) can be directly calculated for each sample from the calibration curve resulting from standard addition (5 aliquots measured per sample). Furthermore, we have measured one yoghurt sample several times with different amounts of sample weight (1.2, 1.4, and 1.6 g). The storage stability was evaluated by preparing three standard addition series of the same yoghurt sample and measuring them after 2, 9, and 16 days after preparation (the prepared headspace vials were stored at 5-8
• C in the meantime). To test for artefactual formation of acetaldehyde from ethanol during sample preparation or analysis, two standard addition series of an apple sample were prepared with and without addition of ethanol (250 μg ethanol per sample vial).
Possible losses during sample preparation were tested as follows: (1) 50 mL of an acetaldehyde stock solution in a 100 mL measuring flask was left to stand open (i.e., without stopper on the flask) for 65 min in the 20
• C water bath (normally, the flask are directly sealed after the pipetting of the standard, of course). (2) 100 mL of standard solution were filled into the mixer used for homogenization and mixed for 20 s similar to the samples.
Light Microscopy of Buttermilk.
During initial method development, it was noted that buttermilk did not contain any detectable acetaldehyde in the headspace if aqueous samples are analyzed. After addition of SGF, considerable amounts of acetaldehyde were found, however. To research the influence of SGF on the matrix, light microscopy was conducted (Axiostar plus, camera: AxioCam ICC1, Carl Zeiss GmbH, Oberkochen). Acetaldehyde was coloured using Schiff reagent (Merck).
Results and Discussion

Matrix Effect on Headspace Recovery of Acetaldehyde.
Preliminary experiments had shown that the differences in matrix composition have massive influences on the recovery of acetaldehyde in the headspace. For this reason, external calibration with aqueous standards is not possible. Due to the diversity of matrices we wanted to analyze, it would also not have been possible to conduct calibration in matrix, with the additional problem of finding acetaldehyde-free matrices for spiking. It was also not possible to find a suitable internal standard with similar behaviour to acetaldehyde, and the use of mass spectrometry with the possibility to use isotopically labelled acetaldehyde was not possible for instrumental restrictions and cost reasons. For all these reasons, we decided to use standard addition according to the German norm 32633:1998 [39] . For this we used 5 aliquots of each sample, from which one was measured without spiking and four were spiked with increasing amounts of acetaldehyde in equidistant concentrations (generally we spiked 0, 4, 8, 12, and 16 μg per g of sample weight). All sample aliquots were filled up to the same volume (5 mL) with water. The selection of 5 aliquots results from a compromise between precision and work efforts, because a smaller number of aliquots would considerably increase the measurement error. While the standard addition sounds to be an incredible amount of work, we nevertheless judged it to be superior to all other methods. First, it must be noted that all steps besides the weighing of the samples are conducted automatically on the autosampler. An extraction using solidphase extraction or liquid-liquid extraction would have been a similarly large effort for the preparation, with additional problems of loss of the analyte. A further search for an internal standard with same volatility, solubility, reactivity, and headspace behaviour as acetaldehyde was also judged to be pointless, especially as free retention time windows in the complex food matrices are very restricted.
Method Validation.
The basic calibration using external standards showed an acceptable linearity and precision in the working range (R 2 = 0.9997, CV 1.47%). The homogeneity of variances shows that the method is equally precise for the whole working range (Figure 1 ). The limit of detection was 0.01 mg/L and the limit of quantification was 0.04 mg/L, which is in the same order of magnitude as the limits determined in previous research [28, 40, 41] .
Examples of calibration in different matrices are shown in Figure 2 . The matrix effect leads to a drastic influence on the slopes of the calibration lines, which necessitates the use of standard addition for quantification. It must be noted that the matrix effect depends on the sample weight, and can be reduced by decreasing the weight. However, this may pose the problem that the response falls below the quantification limit. On the other hand, the sample amount should not be selected too high, because the increase may even result in reduced response, as demonstrated for an apple sample shown in Figure 3 . In yoghurt and banana samples, which were analyzed in the same fashion as the apple sample, this effect was not observed, however.
With the exception of a single sample of roast coffee powder (R 2 = 0.9987, CV 3.28%), all samples fulfilled our requirements for precision (R 2 > 0.9990, CV < 3%). Apart from 8 samples (peas, roast coffee, apple soft drink, orange soft drink, paprika, and 3 bananas), we even had R 2 of >0.9995 and the CVs were typically below 2%. The yoghurt sample that was independently measured for 3 times, had a CV of 2.59% (average 6.18 mg/kg, standard deviation 0.16 mg/kg). Only one sample (a radish) was not measurable at all, because there was a large interference near the retention time of acetaldehyde, which overlapped its peak and hindered correct integration, probably derived from a glucosinolate or glucosinolate degradation product. MS detection would be required in such cases.
During the storage stability experiment, no significant difference in the results was seen between the yoghurt samples stored for 2, 9, or 16 days. The overall mean was 16.91 mg/kg (standard deviation 0.49 mg/kg, CV 2.90%). No artefactual formation of acetaldehyde was detected in the apple sample series with spiked ethanol (2.39 ± 0.47 mg/kg without ethanol; 2.35 ± 0.32 mg/kg with ethanol).
Regarding the losses during sample preparation, the highest influence had the storage of the stock solution without stopper (4% loss of acetaldehyde during 65 min), while during homogenization only a minor loss of 2% occurred. The samples were stored in a fridge and the temperature in the samples during mixing was increased by a maximum 
of 7
• C (in the case of a cheddar cheese). We assume that no massive losses of acetaldehyde occur (boiling point 20.1-20.8
• C). The loss during sample preparation of solid matrices in the mixer is therefore deemed as acceptable, but unavoidable.
Our validation results show that the method has an acceptable performance for the use of analyzing food matrices. Due to the volatility of acetaldehyde, careful handling of the stock solutions is required to avoid losses.
The Special Case of Buttermilk.
The regression curves for different spiking levels of acetaldehyde in buttermilk are shown in Figure 4 . Without the use of SGF, no acetaldehyde at all was recovered at the standard spiking levels. Using less sample amount and higher spiking levels, acetaldehyde can be detected. Apparently, the matrix needs to be saturated till the excess of acetaldehyde can diffuse into the headspace. Interestingly, this phenomenon was only noted for buttermilk, but not for other matrices, for example, yoghurt. The microscopic results of buttermilk are shown in Figure 5 . Macroscopically, both solutions (with and without SGF) had the same colour after colouring with Schiff reagent. Microscopically, the buttermilk without SGF shows large particulate agglomerations, in which the colour is concentrated. If the sample is treated with SGF, the agglomerations disappear and the colour becomes evenly distributed. According to the literature, milk fat globule membranes, which are broken down during buttermilk making, can interact with casein-micelles and form globular aggregates [42, 43] . In neutral aqueous solution, these aggregates are stabile and obviously bind acetaldehyde very effectively. In other milk products (i.e., yoghurt), where the milk fat globule membranes are occurring in intact form, acetaldehydebinding aggregates are apparently not yet formed. As the SGF preparation adequately frees the acetaldehyde, we have refrained from performing further experiments, while from a scientific standpoint it would be interesting to further study the binding behaviour of acetaldehyde in buttermilk, for example using transmission electron microscopy.
Survey of Authentic Samples.
The results from 140 samples are presented in Table 1 . A typical chromatogram is shown in Figure 6 . The maximum content of foods for direct consumption was found in a yoghurt (17.42 mg/kg). In food ingredients, 26.3 mg/kg were found in a baking flavour, while an industrial orange flavour contained 1416 mg/kg of acetaldehyde, which was the maximum of all analysed samples.
In milk products, a correlation between acetaldehyde and fat content was not detectable. Goat milk products had lower acetaldehyde contents than cow milk products. This can be explained by its higher glycin concentration, which acts as inhibitor of threonine-aldolase, which may produce acetaldehyde from threonine [44] .
In fruits, the highest acetaldehyde contents were found in bananas and in citrus fruits. Some apple varieties (Granny Smith, Elstar) showed higher contents than the other varieties, but the number of samples analyzed does not allow any conclusions on influence of variety. There could also be an influence of other factors not controlled, for example, environment during storage, climate, country of origin, and so forth. It would be interesting, however, to further investigate if certain varieties of apples are especially susceptible for acetaldehyde content. While all fruits were generally analyzed in fresh state, we made an experiment with bananas and followed the acetaldehyde content during ripening (Figure 7) . The bananas for this experiment came from the same hand and were stored in a fridge up to 22 days. Similar to the blackening of the colour, the acetaldehyde content rose up to an increase of 80% compared to the initial content.
The fruit juices had in general less acetaldehyde than the corresponding fresh fruits. Causative could be on the one hand losses of the volatile compound during pressing or concentration of the juice, as well as a dilution effect in products with less than 100% fruit content. The content in direct juices was for the same reason higher than in juices from concentrate. This is consistent with previous observations [45] . Strikingly high acetaldehyde contents were detected in lemonades or soft drinks that only contain low amounts of fruit juice (apple drink 7.5 mg/kg, orange soft drink 15 mg/kg). In view of the results found naturally in the fruits, these contents can only be explained if acetaldehyde has been added as flavour compound, which is consistent with the labelling of the products ("flavour" was given in the ingredients list).
Compared to the literature, our survey results were generally consistent compared to the previous data. The exception are the results of Lund et al. [46] for orange juice, which contained 50-130 mg/L while grapefruit juice contained 40-230 mg/L. The plausibility of these values is questionable as other authors never reported acetaldehyde contents this high in these fruit juices again [45, 47, 48] . Another inconsistency in the literature is the reporting of a maximum acetaldehyde content of 400 mg/kg in peas in the VCF database [18] . This is clearly an input data error, as the original reference [49] reported 400 mg/kg not for acetaldehyde but for ethanol. If this value is deleted, the range for acetaldehyde in peas would be 0.56-2.4 mg/kg. Very high values were also reported for vinegar (1.9-1060 mg/kg) [18] . This can be traced back to the publication of Jones and Greenshield [50] , who reported a range of 20-1060 mg/kg for malt vinegar. In our opinion, conventional table vinegar contains significantly less acetaldehyde. Finally, the VCF database [18] reported higher values for yoghurt, than what was found in our study (0.7-76 mg/kg). However, it must be pointed out that all references reporting contents above 20 mg/kg were from 1982 and earlier, so that these probably resulted from analytical deficiencies (artefactual formation) or represent technological changes.
Exposure Estimation.
The Joint FAO/WHO Expert Committee on Food Additives (JECFA) [51] has estimated the acetaldehyde amount, which is ingested due to its use as food flavour additive, in the range of 9.7-11 mg per person per day. The Food Safety Commission of Japan [52] has estimated a similar range between 9.618 mg (Europe) and 19.211 mg (USA), which was assumed to be 20% of the acetaldehyde that is contained in foods while the other 80% can be traced as natural occurrence. From these data a total acetaldehyde exposure of 48-96 mg/day (0.64-1.28 mg/kg bodyweight (bw)/day) can be extrapolated (see also [14] ). The US Flavor and Extract Manufacturers Association (FEMA) has estimated the possible average daily intake as 35 mg (0.47 mg/kg bw/day) [53] while Morris et al. [54] estimated a range of 40-80 mg (0.53-1.07 mg/kg bw/day), with worst case levels up to 200 mg (2.67 mg/kg bw/day) [55] .
From the acetaldehyde content found in our survey for each food group and the estimated intake of each group for a selected population, the acetaldehyde exposure can be estimated. Regarding the exposure to acetaldehyde on a population basis, the food intake assessed during the German National Nutrition Survey II [56] can be taken as basis. The exposure can be estimated by multiplying the daily consumption amount of each food group with the acetaldehyde content of this food group found in our survey. The results are shown in Table 2 for different exposure scenarios. We estimate that the major factors for acetaldehyde exposure are alcohol-free beverages, especially for men who have a higher consumption of this group than women. Women compensate this, however, by their higher consumption of milk products, fruits, and vegetables ( Figure 8 ). The average exposure from food (without alcoholic beverages) would be around 40 μg/kg bw/day for the German population. 
Conclusions
This exposure estimated in our study is considerably lower than the previous assumptions (e.g., from JECFA or FEMA), which were derived from very old occurrence data or industrial production amounts for the use as food flavour additive. This shows the need for further research on acetaldehyde in foods, as the exposure situation appears to be far from well characterized. Nevertheless, the margin of exposure (MOE) calculated according to our previous studies [10, 11] for the exposure estimated in this study would be 1175, which is in a similar region to the MOEs of other food carcinogens such as acrylamide, furan, aflatoxins, or nitrosamines [57] [58] [59] [60] . Of course, this risk assessment must be treated as preliminary as we only have analyzed certain food groups; however, these were selected according to the risk of containing acetaldehyde. MOEs above 10000 are normally judged as of low relevance for health by the European Food Safety Authority (EFSA) [61] , but our calculation for acetaldehyde is below this threshold. Furthermore, this assessment disregards genetic polymorphisms in subgroups of the population that could lead to an accumulation of acetaldehyde by reduced metabolic activity [62, 63] .
We think that this preliminary risk assessment justifies further studies into acetaldehyde exposure from food, and risk managers should also consider the possibility to reduce the exposure by disallowing the practice of acetaldehyde addition as a flavour compound.
